Background: Mechanisms of γ-aminobutyric acid A (GABA A ) receptor anchorage remain elusive.
containing α1, α2, or α3 subunits are mainly located synaptically where they interact with the sub-membraneous scaffolding protein gephyrin, receptors containing α5 subunits are predominantly found extra-synaptically and seem to interact with radixin for anchorage. Neuroplastin is a cell adhesion molecule of the immunoglobulin superfamily that is involved in hippocampal synaptic plasticity.
Our results reveal that neuroplastin and GABA A receptors can be copurified from rat brain and exhibit a direct physical interaction as demonstrated by coprecipitation and Förster Resonance Energy Transfer (FRET) analysis in a heterologous expression system. The brain-specific isoform neuroplastin-65 co-localizes with GABA A receptors as shown in brain sections as well as in neuronal cultures, and such complexes can either contain gephyrin or be devoid of gephyrin. Neuroplastin-65 specifically colocalizes with α α α α1 or α α α α2, but not with α α α α3 subunits at GABAergic synapses. In addition, neuroplastin-65 also co-localizes with GABA A receptor α α α α5 subunits at extra-synaptic sites.
Down-regulation of neuroplastin-65 by
shRNA causes a loss of GABA A receptor α α α α2 subunits at GABAergic synapses. These results suggest that neuroplastin-65 can colocalize with a subset of GABA A receptor subtypes and might contribute to anchoring and/or confining GABA A receptors to particular synaptic or extra-synaptic sites, thus affecting receptor mobility and synaptic strength. γ-Aminobutyric acid A receptors (GABA A receptors) are the major inhibitory transmitter receptors in the central nervous system and the site of action of benzodiazepines, barbiturates, neurosteroids, anesthetics and convulsants. They are ligand-gated ion channels composed of five subunits that can belong to different subunit classes, thus giving rise to a multiplicity of GABA A receptor subtypes. The majority of these receptors are composed of one γ, two α and two β subunits (1) . Clusters of these receptors can be found at inhibitory synapses mediating phasic inhibition, but also at extra-synaptic locations where they mediate tonic inhibition (2, 3) .
Synaptic strength can be correlated with GABA A receptor abundance and postsynaptic localization (4) , and is regulated by the rate of receptor exo-and endocytosis (5) (6) (7) (8) . GABA A receptor clusters can be stabilized by the scaffolding protein gephyrin (9, 10 ) that contributes to the organization and assembly of inhibitory synapses (11) . The direct interaction between GABA A receptors and gephyrin (12) (13) (14) allows the complex to be anchored to the underlying postsynaptic network causing a confined lateral diffusion of GABA A receptors (15, 16 ). An alternative clustering mechanism was suggested for GABA A receptor α5 subunits that can directly bind to the ezrin/radixin/moesin family protein radixin (17) , which in turn anchors the receptor complex to the actin cytoskeleton. Trans-synaptic cell adhesion systems can also promote the organization of synapses, e.g. members of the immunoglobulin superfamily (18, 19) or neurexin/neuroligin cell adhesion molecules (20) (21) (22) induce postsynaptic clustering at glutamatergic synapses, and seem also to be important for driving the postsynaptic assembly at inhibitory synapses (23) (24) (25) .
Neuroplastin (np) 65 and 55 (np65 and np55, respectively) are cell adhesion molecules of the immunoglobulin superfamily that contain three or two extracellular immunoglobulin domains, respectively (26) , which are derived from alternative splicing from a single gene. These proteins also contain a single transmembrane and a short intracellular domain. Both np isoforms are enriched in rat brain membrane preparations, where np65 is highly enriched in forebrain postsynaptic density preparations, while np55 levels are reduced (27) . Previous studies indicated that np65 may be important for synaptic plasticity since anti-np antibodies and recombinant np fragments block long-term potentiation in rat brain slices (28) . In this study, we show that np and GABA A receptors associate and that np is located at GABAergic synapses. We show that synaptically located np65 co-localizes with GABA A receptor α1 or α2 subunits, but not with α3 subunits, indicating a subtype selective association. Down-regulation of np65 causes a mismatch of GABA A receptor α2 subunits and VIAAT at inhibitory synapses. Interestingly, we also find a small amount of synaptic clusters that contain GABA A receptors and np65, but are devoid of gephyrin. In addition, a significant amount of np65 appears not to be localized at synapses. This was supported by the finding that np65 can also co-localize with GABA A receptor α5 subunits which is mainly found extrasynaptically. Taken together, these results suggest that np65 can associate with a subset of GABA A receptor subtypes and might contribute to a mechanism of receptor clustering or anchoring that is independent of gephyrin.
EXPERIMENTAL PROCEDURES
Plasmids -Wild-type GABA A receptor α1, β2 and γ2 subunits were cloned into the mammalian expression vector pCI (Promega, Madison, Wisconsin) as described previously (29) resulting in constructs α1-pCI, β2pCI and γ2-pCI. Constructs α1-ECFP or α1-EYFP and β2-ECFP or β2-EYFP were subcloned into the pECFP-C1 or EYFP-C1 vectors (Clontech), by incorporating the fluorescence tags ECFP or EYFP into the intracellular loops of the α1 or β2 subunit, and further characterization of these constructs was described elsewhere (30) . The cDNAs of np55 and np65 were cloned into the expression vectors pRC/CMV (Invitrogen) as described previously (26) . The constructs np65-ECFP or np65-EYFP were generated by subcloning the cDNA of np65 into pECFP-N1 or EYFP-N1 vectors (Clontech), resulting in constructs containing the fluorescence tags at the C-terminus of the proteins. The fidelity of all constructs was verified by DNA sequencing and the expression was controlled by transient transfection of the construct into HEK cells, followed by immunoprecipitation, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis. The experiments were performed with each of these fluorescent constructs with similar results. Antibodies -The antibodies against GABA A receptor subunits α1, α2, α3, α5, and β2 were generated and affinity-purified as described previously (31) (32) (33) . Mouse monoclonal anti-β2/ β3 antibodies against GABA A receptor β2 and β3 subunits, were purchased from Abcam (Cambridge, UK), and rabbit polyclonal antibodies against GABA A receptor α1 subunits coupled with the fluorescence dye ATTO-488 were purchased from Alomone Labs (Jerusalem, Israel). Rabbit polyclonal antibodies against both isoforms of np (np55/65) as well as the isoformspecific antibodies against np65 were generated and used as described previously (28) , while goat antibodies against np65 were purchased from R&D Systems (Minneapolis, USA), and mouse monoclonal antibodies against both np isoforms (SMgp65) were a gift from Prof. P.W. Beesley (Royal Holloway University of London, UK). Rabbit polyclonal antibodies against fulllength EGFP protein were generated as described elsewhere (30) . Mouse monoclonal antibodies against gephyrin and guinea pig polyclonal antibodies against VIAAT were purchased from Synaptic Systems (Göttingen, Germany). Secondary antibodies used were antirabbit Bodipy (goat), anti-mouse Cy3 (goat), and anti-guinea pig Cy5 (goat) or anti-rabbit FITC (donkey), anti-mouse Cy3 (donkey) and antigoat Cy5 (donkey), all were purchased from Jackson Immuno Research (West Grove, USA). Co-purification of np and GABA A receptor -In order to identify members of synaptic npcontaining protein complexes, synaptosomes were prepared from rat forebrain as described elsewhere (34) and subsequently extracted with Tris-HCl-buffered saline (TBS) containing 1% Triton X-100. Np was completely extracted since it is only present in the supernatant after 100.000 x g ultracentrifugation for 1 h while it was not detectable in the remaining pellet. This supernatant was the input material for immunoaffinity chromatography on an immobilized polyclonal rabbit antiserum raised against the intracellular domain of np or immobilized normal rabbit IgG (Sigma-Aldrich) as control. Bound proteins were eluted with 0.1 M glycin/0.1% Triton X-100 and analyzed with SDS-PAGE. Bands exclusively appearing in anti-np fraction were selected for peptide mass fingerprint identification by Matrix-AssistedLaser-Desorption/Ionization -Time-of-Flight (MALDI-TOF) -mass spectrometry (Reflex III, Bruker, Germany). A band corresponding to a molecular weight of approximately 60 kDa was identified as GABA A receptor ß2 subunit. Preparation of GABA A receptor extracts -Adult Sprague-Dawley rats (6-8 weeks; Him:OFA/SPF, Himberg, Austria) were sacrificed by decapitation and their brain was rapidly removed. Forebrains were homogenized in 5 volumes of ice-cold homogenization buffer (10 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM benzamidine, 0.3 mM phenylmethylsulphonyl fluoride (PMSF), 300 mM sucrose). The homogenate was centrifuged for 10 min at 1,000 x g and the pellet was discarded. The supernatant was centrifuged for 40 min at 10,000 x g. The pellet was homogenized in 5 volumes of washing buffer (homogenization buffer without sucrose) and centrifuged for 30 min at 45,000 x g. The pellet was suspended in washing buffer and stored in aliquots frozen at -80°C. GABA A receptors were solubilized from rat forebrain membranes by using 5 mL/cerebrum of a deoxycholate (DOC) buffer (0.5% DOC, 0.05% phosphatidylcholine, 10 mM Tris-HCl, pH 8.5, 150 mM NaCl, 1 Complete Protease Inhibitor Cocktail Tablet (Roche Molecular Biochemicals, Mannheim, Germany) per 50 mL). The suspension was homogenized using an UltraTurrax and subsequently by pressing the suspension through a set of needles with increasingly smaller diameters using a syringe, followed by incubation under intensive stirring for 45 min at 4°C. After centrifugation at 150,000 x g the clear supernatant was used for subsequent immunoprecipitation or immunoaffinity chromatography. For the determination of the solubilization efficiency of individual GABA A receptor subunits the 150,000 x g pellet was redissolved in the same volume DOC buffer. Aliquots of this suspension as well as aliquots from the clear supernatant of the 150,000 x g centrifugation were separately subjected to protein precipitation using the methanolchloroform method (35 (50 mM Tris-HCl, 0.5% Triton X-100, 150 mM NaCl, and 1 mM EDTA, pH 8.0)), with alkaline elution buffer (100 mM Na 2 HPO 4 , 150 mM NaCl at pH 11.5) and finally with IP low buffer. Columns were stored protected from light in IP-low buffer containing sodium azide. Immunoaffinity chromatography was performed at 4°C. The immunoaffinity columns were equilibrated in DOC extraction buffer. The extract was chromatographed slowly in three subsequent rounds of chromatography using three affinity columns containing the same kind of antibody in order to completely remove the respective subunit and its associated receptors from the extract. Receptors bound to the columns were then eluted from the column with glycine-elution buffer pH 2.45 (see above). The immunoaffinity columns were regenerated by washing with glycine elution buffer pH 2.45, IP low buffer, antibody elution buffer pH 11.5 and IP low buffer. The eluted proteins were precipitated by methanol/chloroform (35) , dissolved in NuPAGE sample buffer (Invitrogen) and subjected to SDS-PAGE and Western blot analysis. Cell culture and transfection -Transformed HEK 293 cells (CRL 1573; American Type Culture Collection, Rockville, MD) were grown in Dulbecco's modified Eagle's medium (GIBCO, Life Technologies) supplemented with 10% fetal calf serum (BioWhittaker, Lonza), 2 mM glutamine, 50 µM β-mercaptoethanol, 100 units/ml penicillin G, and 100 µg/ml streptomycin in 75 cm 2 culture dishes using standard cell culture techniques. HEK cells (3 × 10 6 ) were transfected with a total amount of 20 µg of subunit cDNAs via the calcium phosphate precipitation method (36 Inc.) and 0.5% nonfat dry milk powder and shaking for an additional 2 h at 4°C, the precipitate was washed three times with IP low buffer. Precipitated proteins were dissolved in sample buffer (NuPAGE LDS sample buffer, Invitrogen). Co-immunoprecipitation of receptors expressed at the cell surface was performed according to a previously described protocol (29) . Briefly, the culture medium was removed from transfected HEK cells and the cells were washed twice with PBS (2.7 mM KCl, 1.5 mM KH 2 PO 4 , 140 mM NaCl, and 4.3 mM Na 2 HPO 4 , pH 7.3). Cells were then detached from the culture dishes by incubating with 2.5 mL of 5 mM EDTA in PBS for 5 min at room temperature. The resulting cell suspension was diluted in 6 ml of cold Dulbecco's modified Eagle's medium and centrifuged for 5 min at 1,500 rpm. The cell pellet from four dishes was incubated with α1 (35 µg) or np55/65 (35 µg) antibodies in 3 mL of the same medium for 45 min at 37 °C. Cells were again pelleted, and free antibodies were removed by washing three times with 6 ml of PBS buffer. The receptors were extracted with IP low buffer containing 1% Triton X-100 for 1 h under gentle shaking. Cell debris was removed by centrifugation (45,000 rpm, 20 min and 4 °C). Following protein concentration determination, Pansorbin and 0.5% nonfat dry milk powder was added and shaking for 2 h at 4°C, the precipitate was washed thrice and dissolved in sample buffer (NuPAGE LDS sample buffer, Invitrogen). To investigate a possible re-distribution of the antibodies during the extraction procedure, in other experiments HEK cells were transfected with wild-type α1, β3, and γ2 subunits as well as a truncated form of γ2 subunits. After cell surface labeling by α1(1-9) antibodies, the extracts containing the cell surface-labeled receptors was divided in two fractions. One fraction was kept at 4°C for 2 h, and the other fraction was incubated with additional α1 (1) (2) (3) (4) (5) (6) (7) (8) (9) antibodies at 4°C for the same time period. Pansorbin was added to both fractions, and the resulting precipitates were centrifuged, washed, dissolved in sample buffer, and subjected to SDS-PAGE and Western blot analysis. In both precipitates, full-length subunits forming complete receptors could be detected, whereas truncated subunits could only be detected in the fraction where additional α1(1-9) antibodies had been added after cell lysis (32) .
SDS-PAGE and Western blot analysis -SDS-PAGE was performed according to Neville and Glossmann
(37) using 10% SDSpolyacrylamide gels in a discontinuous system. For estimation of the size of the proteins 'Prestained SDS-PAGE Standards' (Bio-Rad Laboratories, Munich, Germany) were used in separate lanes. Proteins were blotted onto polyvinylidene difluoride (PVDF) membranes as described previously (38) . For the detection of np, the mouse monoclonal antibody SMgp65 (28) was used. Alternatively, rabbit polyclonal antibodies against GABA A receptor β2 subunits were used which were previously labeled with digoxigenin using the DIG Protein Labelling Kit (Roche Molecular Biochemicals) according to the manufacturer's instructions. As secondary antibodies, either anti-mouse coupled to alkaline phosphatase (Jackson Immuno Research Laboratories, Suffolk, UK) or anti-digoxigeninalkaline phosphatase, Fab fragments (Roche Molecular Biochemicals) were used. The reaction of alkaline phosphatase was visualized with CDP-Star (Applied Biosystems, Bedford, MA, USA) according to the manufacturer's instructions. For quantitative Western blot analysis, immunoblots were exposed to the Fluor-S MultImager (Bio-Rad Laboratories) and evaluated using the Quantity One Quantitation Software (Bio-Rad Laboratories) and Prism (Graph Pad Software Inc., San Diego, CA, USA). The linear range of the detection system was established by measuring the antibody generated signal to a range of antigen concentrations.
Under the experimental conditions used, the immunoreactivities were within the linear range, and this permitted a direct comparison of the amount of antigen per gel lane between samples. Statistical significance was tested using the unpaired Student's t-test. FRET imaging -FRET was measured as described previously (39) (40) (41) . Briefly, FRET was performed using an epifluorescence microscope (Carl Zeiss Axiovert 200) using the "three-filter method" (42) . The images were taken using a 63x oil immersion objective and Ludl filter wheels to allow for rapid switching between the fluorescence excitation and emission filters for CFP (I CFP ; excitation: 436nm, emission: 480nm, and dichroic mirror: 455nm), YFP (I YFP ; excitation: 500nm, emission: 535nm, and dichroic mirror: 515nm) and FRET (I FRET ; excitation: 436nm, emission: 535nm, and dichroic mirror: 455nm). Images were captured by a CCD camera (Kappa GmbH, Gleichen, Germany) and regions of interest were selected manually expressing both FRET partners. Intensity (I) from the three filter sets was obtained after background subtraction. N FRET was calculated as follows: N FRET = (I FRET -I YFP xa -I CFP xb) / square root (I YFP x I CFP ), where a = 23% which is the percentage of CFP contribution to FRET intensity, and b = 67% which is the percentage of YFP contributing to FRET intensity. Isolation of primary hippocampal neuronsPrimary neurons from 17-day-old embryonic (E17) rat brains were isolated as described previously (43) . Briefly, dissected E17 hippocampi were incubated in a trypsin-EDTA solution (Biochrom, Berlin, Germany) at 37°C for 10 min, washed twice with a modified Hank's balanced salt solution (HBSS: 137 mM NaCl, 7 mM HEPES [4-(2-hydroxyethyl)- Immunocytochemistry of dissociated primary neurons, image acquisition and analysis -DIV 11-21 old neurons were fixed for 15 min in 4% (w/v) paraformaldehyde (PFA) in PBS. Cells were then incubated for 30 min in 5% (w/v) bovine serum albumin (BSA, Sigma) to block nonspecific staining with or without 0.1% TritonX-100, and then incubated for 2 h with primary antibodies in 5% BSA. Antibodies used were mouse monoclonal antibodies directed against the extracellular domains of GABA A receptor β2 and β3 subunits (1:100) or rabbit polyclonal antibodies directed against GABA A receptor α2, α3, or α5 subunits (all 5 µg/mL), polyclonal antibodies against the extracellular immunoglobulin domains of np55 and np65 (5µg/ml), goat polyclonal antibodies against the extracellular immunoglobulin domain specific to np65 (1:500), mouse monoclonal antibodies against gephyrin (1:500), guinea pig polyclonal antibodies against VIAAT (1:1000), and rabbit polyclonal antibodies against GABA A receptor α1 subunits coupled to ATTO-488 (1:50). After washing, cells were incubated for 45 min with secondary antibodies conjugated to appropriate fluorophores. Secondary antibodies used were Bodipy-conjugated goat anti-rabbit (1:100), Cy3-conjugated goat anti-mouse (1:500), Cy5-conjugated goat anti-guinea pig (1:100), FITCconjugated donkey anti-rabbit (1:500), Cy3-conjugated donkey anti-mouse (1:500), Cy5-conjugated donkey anti-goat (1:500). Fluorescent images were acquired under identical conditions using a Leica TCS SP5 II confocal microscope using 496nm laser (Ar, 65mW), 543nm laser (HeNe, 1mW) and 633nm laser (HeNe, 10mW). Images were visualized using Leica Software Application, then subjected to 10 -20 cycles of 3D deconvolution using AutoQuant X Software (Media Cybernetics, Roper Industries Ltd) and processed using Imaris Software (Bitplane). Immunocytochemistry of hippocampal sectionsAdult male Sprague-Dawley rats (6-8 weeks; Him:OFA/SPF, Himberg, Austria) were injected with a lethal dose of thiopental (150 mg/kg, i.p.), transcardially perfused through the ascending aorta with 0.9% saline solution followed by 200 mL chilled 4% paraformaldehyde and 15% saturated picrinic acid in PBS over 20 min using a peristaltic pump. The brains were removed from the skulls and transferred in 0.1M phosphate buffer (PB) with 0.05% sodium azide, where they were kept until cutting. Coronal sections (50 µm) of the hippocampus were prepared on a Vibratome and stored in 0.1M PB with 0.05% sodium azide until staining. Freefloating sections of three different levels were used for staining. The sections were rinsed in 0.1M PB and transferred in TBS containing 0.1% TritonX-100. The non-specific binding was blocked by incubation in 20% normal horse serum for 2 h at room temperature. The primary antibodies were diluted in 1% normal horse serum in TBS with 0.1% TritonX-100, and the sections were incubated for 48-72 h at 4°C. After extensive washing, sections were incubated with donkey anti-rabbit, donkey anti-mouse and donkey anti-guinea pig secondary antibodies for 4 h at room temperature. Sections were mounted with Vectashield (Vector Laboratories Ltd, Peterborough, UK) and examined and photographed with a confocal laser-scanning microscope (Leica TCS SP5 II). Generation of shRNA constructs and transfection into HEK cells and hippocampal neurons -Different regions of the np immunoglobulin sequence were selected to generate shRNA constructs using the pSuper RNAi system (OligoEngine, Seattle, US). Small hairpin RNA (shRNA) constructs were transiently transfected into HEK cells together with np65 constructs. HEK cells were harvested 48 hr after transfection, proteins were extracted, np65 was precipitated as described above, and the immunoprecipitates were subjected to SDS-PAGE and Western blot analysis. The construct shRNA#1 that specifically recognized a sequence within the first immunoglobulin domain specific for np65 (5´-AACGGAATGACTTGAGGCA-3´) efficiently down-regulated overexpressed np65. This construct was chosen for transfection into primary rat hippocampal neurons. At DIV5, neurons were transfected with construct shRNA#1 and pEGFP vector using the Ca 2+ -phosphate/DNA co-precipitate based method (44) .
RESULTS

Neuroplastin and GABA A receptors associate
with each other -The glycoprotein np was reported to be located at synaptic specializations, but its general function at post-synaptic terminals has not been fully elucidated. To investigate putative interaction partners of np, rat brain extracts were subjected to affinity chromatography using either a rabbit polyclonal antiserum against the intracellular domain of np or rabbit normal IgG. Eluted proteins were then subjected to SDS-PAGE and protein staining. Protein bands that were present in the samples purified over np-antibody columns, but not in those containing normal IgG were identified, excised and subsequently subjected to mass spectrometry. Data from mass spectrometry indicated a sequence that was identical to GABA A receptor β2 subunits (gi│6978869│NP_037089.1) with an apparent molecular mass of about 60 kDa i , which was somewhat higher than the reported molecular mass of 50-53 for GABA A receptor β2 subunits. This demonstrated that np and β2 subunits could be co-purified from rat brains and suggested that np and GABA A receptors might be present in the same protein complex. This finding prompted us to confirm the association of np with GABA A receptors in a reciprocal experiment. To this end, rat forebrain membranes were extracted with DOC buffer and the cleared extract was loaded on immunoaffinity columns containing antibodies directed against GABA A receptor β2 subunits. Extract, efflux and eluate were subjected to SDS-PAGE and Western blot analysis using digoxygenin-labeled β2 antibodies. GABA A receptor β2 subunits were present in all samples, migrated as protein bands of about 50-53 kDa, and were significantly enriched in the affinity column eluate (Fig. 1,  upper panel) . Western blot analysis of the same samples using monoclonal SMgp65 antibodies indicated that np migrated as two distinct bands at 55 and 65 kDa representing the two described np isoforms (26) and could be retained by and co-eluted from GABA A receptor β2 columns (Fig. 1, lower panel) . The β2 antibodies used were specific for GABA A receptor β2 subunits as shown in control experiments using brain membranes of knock-out mice that were i Smalla, Klimmer, Kaehne, and Gundelfinger, unpublished observations deficient for β2 subunits (Supplemental Figure  1A) , In addition, β2 antibodies were unable to directly precipitate np in heterologous expression systems (Supplemental Figure 1B) while np antibodies could not precipitate GABA A receptor β2 subunits (Supplemental Figure 1C) . Finally, immunoaffinity columns containing antibodies directed against EGFP could not retain β2 subunits (Supplemental Figure 1D ). Taken together, these results indicate that np was retained by the immunoaffinity column because it was associated with GABA A receptors containing β2 subunits. Interestingly, only about 15% of np was found to be associated with GABA A receptors. This suggested that either the interaction between np and GABA A receptors was only transient and/or weak, was sensitive to extraction methods, or that only a small fraction of np is associated with GABA A receptors.
To confirm the interaction of GABA A receptors with np in a heterologous expression system np55 or np65 expression constructs were co-transfected with GABA A receptor α1, β2, and γ2 subunits in HEK 293 cells. Proteins were extracted and immunoprecipitated using antibodies against both np isoforms (np55/65) (Fig. 2, two left panels) . The precipitated complexes were subjected to SDS-PAGE and Western blot analysis using SMgp65 antibodies or digoxigenin-labeled β2 antibodies. Np55 and np65 were expressed to a similar extent (Fig. 2 , left panel) and np55/65 antibodies could precipitate GABA A receptors as indicated by the presence of the β2 subunit in the precipitate (Fig.  2, second panel from left) . In other experiments, the same HEK cell extracts were immunoprecipitated by antibodies recognizing GABA A receptor α1 subunits (Fig, 2 , third panel from left) and subjected to Western blot analysis using SMgp65 antibodies. Conversely, α1 antibodies that did not exhibit any crossreactivity with other GABA A receptor subunits or np (data not shown), precipitated np55 and np65 (Fig. 2, third panel from the left) . In similar experiments, we aimed at investigating whether np/GABA A receptor complexes were found at the cell surface. To this end, appropriately transfected HEK cells were incubated with antibodies directed against the extracellular domain of GABA A receptor α1 subunits and the labeled antibody-receptor complexes were extracted and subjected to immunoprecipitation. Precipitates were analyzed by SDS-PAGE and Western blot analysis. A possible redistribution of the antibodies during the extraction procedure could be excluded by an experiment performed analogously to that described by Klausberger et al. (32) . Thus, we demonstrate that np associates with GABA A receptors at the cell surface of transfected HEK cells (Fig. 2, right panel) . Interestingly, quantification of the Western blot data indicated that three times more np65 than np55 could be co-precipitated with GABA A receptors from the cell surface. Therefore, for further experiments we focussed on the interaction of np65 with GABA A receptors. Neuroplastin-65 directly interacts with GABA A receptors -To investigate whether the association of np65 with GABA A receptors is due to a direct physical interaction or is mediated by linker proteins, FRET studies were performed. To do so, we generated fluorescencetagged np65-ECFP or np65-EYFP fusion proteins, as well as tagged GABA A α1-EYFP or β2-EYFP receptor subunit constructs (30) . Different combinations of constructs were transfected into HEK cells (Table 1) , their expression was investigated using an epifluorescence microscope and distinct regions where both fluorescence-tagged proteins were clearly present were chosen to calculate their N FRET values (see Material and Methods section). FRET analysis of cells co-expressing np65-ECFP and np65-EYFP indicated that these fusion proteins interacted to a high extent (Table  1) , probably by forming homo-oligomers.
In addition, when np65-ECFP was coexpressed with α1-EYFP, wild-type β2 and γ2 subunits, significant N FRET values were observed ( Fig. 3 and Table 1 ). Significant FRET was also observed when np65-ECFP was co-expressed with β2-EYFP, wild-type α1 and γ2 subunits. Another unrelated, fluorescence-tagged receptor (P2X 2 -EYFP; 30) showed significantly lower N FRET values and empty vectors expressing only the fluorescence proteins ECFP and EYFP did not yield any significant FRET. These results indicated that np65 and GABA A receptors associate and are in direct, physical contact. Neuroplastin co-localizes with GABA A receptors in dissociated primary hippocampal neuronsTo investigate a possible co-localization of np and GABA A receptors in hippocampal neurons, primary neurons from 17-day-old embryonic (E17) rat brains were isolated and seeded onto poly-L-lysine-coated glass coverslips and then incubated for 0 to 21 DIV to allow GABAergic synapse formation to occur. A time course following the expression of np and GABA A receptors indicated a peak of co-localization between np and GABA A receptors from DIV8 to DIV18 (data not shown). Dissociated hippocampal neurons were stained at DIV13, using polyclonal rabbit antibodies against np55 and np65 (np55/65) as well as the monoclonal mouse antibody β2/3, directed against GABA A receptor β2 and β3 subunits. Since both antibodies recognized extracellular epitopes of the respective proteins and the experiment was performed in the absence of detergents, staining indicated that GABA A receptors containing β2 or β3 subunits co-localize with np (Fig. 4A,B,C) to a significant extent at the cell surface. Interestingly, whereas some neurites display significant amounts of distinct puncta of colocalization (Fig. 4C1) , others show little colocalization between GABA A receptors and np (Fig. 4C2) . Quantification of these data suggested that about 26.6% of all GABA A receptor clusters in dissociated hippocampal neurons are co-localized with np clusters. Further quantification of the same data revealed that 17.6% of np co-localize with GABA A receptor clusters in dissociated primary neurons. These results indicate that np is most likely not only localized at GABAergic synapses, but also elsewhere, e.g. at glutamatergic synapses. This is not very surprising since previous results indicated a role of np65 for α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking (45) . To investigate whether these clusters are found at the synapse, we repeated these experiments (this time in the presence of detergents) by triple staining including antibodies directed against the vesicular inhibitory amino acid transporter (VIAAT) that supposedly labels all GABAergic synapses. As shown in Fig. 4D(D1,D2,D3,D4 ) we find regions with distinct clusters of np, GABA A receptor and VIAAT, indicating that these clusters are most likely synaptically localized. The finding that only about a fourth of GABA A receptors co-localize with np suggests that np55 and/or np65 are present at only a subset of GABAergic synapses.
To study the co-localization of the np, GABA A receptor and VIAAT in more detail, we subjected z-stacks of confocal images to 3D deconvolution. The fluorescence signals derived from secondary antibodies recognizing the protein complex were used for remodeling individual synapses using Imaris software. As shown in Fig. 4E , all three proteins are most likely localized at the same synapse.
The distinct signals of the interaction partners of this complex suggest that np is located adjacent to the presynaptic marker VIAAT and the postsynaptic GABA A receptors and appears to mediate the contact between the pre-and postsynapse.
Neuroplastin is located at a subset of GABAergic synapses in dissociated primary hippocampal neurons -GABA A receptors expressed in hippocampal neurons co-localize with the scaffolding protein gephyrin at inhibitory postsynapses (46) (47) (48) . Furthermore, gephyrin appears to be a critical determinant of GABA A receptor clustering. It was therefore interesting to investigate whether np could be found at synapses that were labeled by antibodies against gephyrin. For this purpose, dissociated hippocampal neurons were stained at DIV13, using polyclonal rabbit antibodies against np55 and np65 (np55/65), monoclonal mouse antibodies against gephyrin and polyclonal guinea pig antibodies against VIAAT. Triple staining indicated the presence of distinct clusters containing np and gephyrin at inhibitory synapses (Fig. 5A1-4) . Interestingly, quantification analysis revealed that only 8.5% of gephyrin clusters co-localized with np clusters and only about 5,8% of np clusters co-localized with gephyrin clusters, indicating a partial overlap of np and gephyrin at GABAergic synapses.
Interestingly, when other neurites of the culture dish shown in Fig. 5A were investigated, it could be demonstrated that some np clusters co-localized with VIAAT, but were devoid of gephyrin ( Fig. 5B1-4 ). This is in agreement with previous findings that some GABAergic synapses might be independent of gephyrin interaction (49, 50) . To further investigate this assumption, we labeled hippocampal neurons using fluorescence-(ATTO-488) coupled antibodies directed against the N-terminus of GABA A receptor α1 subunits as well as antibodies against gephyrin and VIAAT (Fig.  5C1-4) . Usually, in rat brains α1 subunits are expressed mainly postnatally and in dissociated hippocampal neurons, they are only found after DIV10-12 to a significant extent ii . As shown in Fig. 5C , some synaptic GABA A receptor clusters contained α1 subunits as well as gephyrin (bold arrows), while other synaptic GABA A receptor clusters contained α1 subunits, but were devoid of gephyrin (thin arrows). It is thus possible that some synaptic GABA A receptors interact with np and form clusters also in the absence of gephyrin.
ii Sarto-Jackson, unpublished observations
In an experiment analogous to that described for Fig. 4E , primary hippocampal neurons were stained using antibodies against np65, gephyrin, and VIAAT (Fig. 6D ) and synapses were modelled using Imaris software (Fig. 6A,B,C) . The modeled individual synapses (Fig. 6E) revealed a similar topology of the three proteins, np, VIAAT and gephyrin as seen with antibodies that labled np, VIAAT and GABA A receptors (Fig. 4E) again suggesting that the three proteins, np55/65, gephyrin and VIAAT were most likely localized at the same synapse. Neuroplastin co-localizes with GABA A receptor α1, α2 and α5 subunits -The observation that only about 26% of GABA A receptors co-localize with np prompted us to investigate whether there is a distinct co-localization of np with certain GABA A receptor subtypes. Due to the recent availability of an antibody that specifically stained only the np65 isoform, we used this antibody for immunolabeling. Thus, hippocampal neurons in culture were stained using antibodies against np65, VIAAT and GABA A receptor subtype specific antibodies directed against either α1, or α2, or α3, or α5 subunits. Results indicated that about 4% of GABA A receptor α1 subunits co-localize with np65 (Fig. 7A, bold arrow) at the synapse as indicated by co-labeling with antibodies against VIAAT. This value, however, probably underrepresents the extent of co-localization between np65 and GABA A receptor α1 subunits due to the background of this commercially purchased ATTO-488 α1 antibody. In addition, 7.2% of GABA A receptor α2 subunits were found to colocalize at inhibitory synapses (Fig. 7B, bold  arrow) . Interestingly, a small number of clusters containing np65 and GABA A receptor α2 subunits could also be found that were not stained by VIAAT antibodies (Fig. 7B , thin arrow) indicating that there might be a minor population of GABA A receptors containing α2 subunits that are located extra-synaptically and can co-localize with np65. In contrast, np65 and GABA A receptor α3 subunits co-localize only to a negligible extent (Fig. 7C) . Finally, 7.8% of GABA A receptor α5 subunits co-localize with np65, but these clusters almost entirely lacked VIAAT staining and were thus most likely extrasynaptically located (Fig. 7D, thin arrow) . In addition, a small number of clusters contained GABA A receptor α5 subunits, np65, and VIAAT thus indicating their synaptic localization (Fig.  7D, bold arrow) . Neuroplastin is localized at GABAergic synapses in hippocampal sections -Results from dissociated primary hippocampal neurons strongly indicated that np65 is localized at GABAergic synapses. To verify that this assumption is also valid for GABAergic synapses in brain tissue, we performed immunohistochemical studies of hippocampal sections of adult rats. Immunostained sections were subjected to confocal microscopy. Sections selected showed a strong and distinct staining of np65 as well as GABA A receptors and z-stacks of these sections were then analyzed individually. Fig. 8 shows a distinct area of the dendate gyrus where there was clear colocalization of np65, GABA A receptors β2/3 subunits and VIAAT (arrows in Fig. 8C4 ), supporting our co-localization data from hippocampal neurons in culture. In agreement with our data from immunostaining of dissociated hippocampal neurons, which indicated either a strong or a weak colocalization in different dendrites (Fig. 4C) , immunostaining of other sections of the brain tissue revealed a co-localization to a lesser extent iii .
Neuroplastin down regulation causes impaired
localization of GABA A receptor α2 subunits at inhibitory synapses -The co-localization between np65 and α2 subunits at GABAergic synapses prompted us to evaluate the impact of down-regulation of np65 in primary hippocampal neurons. To this end, we generated several shRNA constructs directed against sequences within the immunoglobulin domain of np. To determine which construct causes an efficient down-regulation of np65, we first tested the constructs in a heterologous expression system (Supplemental Figure 2) . The shRNA#1 efficiently downregulated overexpressed np65 and was therefore chosen for transfection of hippocampal neurons in culture at DIV5 together with an EGFP construct as transfection control. Neurons were checked for expression of EGFP, and co-labeled using antibodies against GABA A receptor α2 subunits and VIAAT. After immunostaining, GABAergic synapses were inspected using confocal microscopy. Results indicated that in EGFP and shRNA#1 transfected neurons in which endogenous np65 was presumably down-regulated, GABA A receptor α2 subunit staining was more diffuse and in some dendrites there was as significant mismatch between α2 subunits and VIAAT (Fig  9A+B, arrows) . Importantly, neurons on the same coverslip which were not transfected iii Sarto-Jackson, unpublished observations exhibited a clear match between wellconcentrated postsynaptic GABA A receptor α2 subunits and presynaptic VIAAT (Fig 9A+B,  asterisks) as expected.
DISCUSSION
The cell adhesion molecule neuroplastin-65 interacts with GABA A receptors -The cell adhesion molecule neuroplastin, a member of the immunoglobulin superfamily, is enriched at postsynaptic densities (28) and was previously found to play a role at glutamatergic synapses (45) . In this study we demonstrate that np can also interact with GABA A receptors. This conclusion is supported by several lines of evidence: First, GABA A receptor β2 subunits copurify with np, and the np isoforms np65 and np55 could be co-purified with GABA A receptors from rat brain extracts. Second, np as well as GABA A receptors transiently transfected into HEK cells could be co-precipitated from cell extracts as well as from the cell surface using antibodies against np or GABA A receptor subunits. Interestingly, GABA A receptors displayed a three times higher association with the brain specific isoform np65 at the cell surface than with np55. Third, FRET analysis using fluorescence tagged np65 and GABA A receptor subunit proteins expressed in HEK cells suggested a direct interaction between GABA A receptors and np65. Fourth, GABA A receptors and np65 co-localized in embryonic hippocampal neurons in culture as well as in hippocampal sections from adult rat brains. Taken together, these results strongly indicate that np65 is a novel interaction partner of GABA A receptors. Whether interaction between these proteins already occurs intracellularly, resulting in co-trafficking of the associated proteins to the cell surface, or whether interaction between GABA A receptors and np65 exclusively occurs at the cell surface, was not investigated in this study. Further experiments will have to distinguish between these possibilities. Clusters containing neuroplastin-65 as well as GABA A receptors are found at synaptic sitesTriple immunostaining of cultured neurons using antibodies against np, GABA A receptors, and the presynaptic marker VIAAT indicated that these clusters were located at synaptic sites. This finding was supported by further processing of these immunocytochemical images by deconvolution, increasing magnification, and surface modeling of the fluorescence signals derived from the staining antibodies which suggested that these proteins indeed formed distinct complexes at synapses. Interestingly, np seemed to be located adjacent to VIAAT as well as GABA A receptors, as expected from cell adhesion molecules that are usually found at synaptic sites where they probably contribute to the developmental recognition and alignment of pre-and postsynapses. Immunolabeling studies determining the co-localization of np65 with different GABA A receptor subtypes supported the synaptic localization of np65. There, np65 co-localized with GABA A receptor α1 and α2 subunits which are predominantly found at synaptic sites and showed extensive overlap when co-stained with antibodies against VIAAT. Finally, the synaptic localization of np65 together with GABA A receptors and VIAAT was not only demonstrated in neuronal cells in culture, but also confirmed using sections from adult rat brains. These results thus suggest that np65 is a cell adhesion molecule that provides an important and novel link between the pre-and postsynaptic side at GABAergic synapses. Some neuroplastin-65 clusters located at GABAergic synapses are devoid of gephyrinThe co-localization of GABA A receptors with np65 at GABAergic synapses raises the question on the extent of co-localization with gephyrin. Gephyrin, by directly interacting with GABA A receptor α2 or α3 subunits (12) (13) (14) has been demonstrated to link receptor complexes to the cytoskeleton.
Our data from primary hippocampal neurons indicate that 17.6% of the np clusters associate with GABA A receptors, but that only 5.8% of np clusters associate with gephyrin. This leads to the conclusion that some clusters of np and GABA A receptors are devoid of gephyrin. These clusters could be located synaptically or extra-synaptically. We could indeed demonstrate that some clusters that are located synaptically -since they were labeled by antibodies against np65 and VIAAT -did not contain gephyrin. Analogously, we found some clusters that contained VIAAT and GABA A receptors that were devoid of gephyrin. These data are consistent with previous results indicating that postsynaptic GABA A receptor clusters can form gephyrin-independently in neurons (51) . We therefore conclude that the interaction between GABA A receptors and np65 might reflect a novel mechanism how receptors are confined to particular synaptic sites without the compulsory presence of the submembraneous scaffold protein gephyrin. This confinement might contribute to receptor diffusion properties and synaptic strength.
Recently, an interaction between GABA A receptors and the cell adhesion molecule neurexin was demonstrated to affect synaptic transmission (52) by possibly interfering with GABA A receptor mobility or stabilization at the surface during synapse maturation. Whether a similar mechanism also holds true for clusters containing GABA A receptors and np65 will have to be elucidated. Clusters containing neuroplastin-65 and GABA A receptors are also found at extra-synaptic sitesIn addition to the clusters that were stained by antibodies against np65, GABA A receptor subunits, and VIAAT, we detected clusters of np65 and GABA A receptor subunits that were devoid of VIAAT indicating an extra-synaptic location. Amongst the different GABA A receptor subtypes, the ones containing GABA A receptor α5 subunits are mainly located extrasynaptically (17, 53) and only to a lesser extent at synaptic sites (17, 54) . Both receptor populations containing α5 subunits appeared in clustered formations at the neuronal surface. Consistent with this observation, we demonstrated that np65 can co-localize with GABA A receptor α5 subunits and is thus, most likely also located extra-synaptically.
Previous data indicated that receptors containing α5 subunits are not clustered by gephyrin, but by the actin-binding protein radixin. Radixin is a member of the ezrin/radixin/moesin family that directly interacts with GABA A receptor α5 subunits and anchors the receptors to the cytoskeleton (17) . Future experiments will have to investigate whether np65 can be found co-associated with radixin and α5 subunits. Interestingly, data on other cell adhesion molecules of the immunoglobulin superfamily indicate that they can bind to cytoskeletal adaptor proteins of the ezrin/radixin/moesin family (55, 56) or ankyrin (57) . It is thus tempting to speculate that np65 could also be involved in linking extra-synaptic GABA A receptors to the cytoskeleton by binding to cytoskeletal adaptor proteins such as radixin, thus modulating receptor mobility. Taken together, np65 might contribute to the anchorage of either extra-synaptic or synaptic receptor clusters. This assumption is further supported by the observation that pattern search using the ELM (Eukaryote Linear Motif) server (58) revealed an amino acid sequence motif in the intracellular C-terminal region of np65 which can be recognized by proteins containing SH3 (Src homology domain 3) binding domains. Such SH3 domains which mediate assembly of protein complexes can often be found in scaffolding proteins or kinases. Possible importance of the interaction between neuroplastin-65 and GABA A receptors -FRET experiments between differently tagged np65 indicate that np65 displays homophilic interactions in cis (i.e. at the same cell). This is consistent with data from basigin, the closest related homolog of np55/65 which also forms homo-oligomers in a cis-dependent manner (59) . Furthermore, FRET experiments as well as coimmunoprecipitation experiments from the surface of HEK cells indicate that np65 additionally displays heterophilic interactions in cis with GABA A receptors. A similar heterophilic association of np55 with fibroblast growth factor receptor 1 has been previously demonstrated (60) . Other data indicate that np65 can also undergo homophilic interactions in trans, i.e. between opposing molecules at the surface of adjacent cells (28) . This was supported in this study by confocal images of triple immunostained hippocampal neurons in culture as well as by the deconvolution analysis of the synaptic clusters that indicated a topological location of np across the synaptic cleft adjacent to both, GABA A receptors and VIAAT. All these observations are consistent with the hypothesis that np65 as a cell adhesion molecule is most likely involved in stabilizing and confining the apposition and alignment of pre-and postsynapses. In fact, down-regulation of np65 and the concomitant loss of colocalization of GABA A receptor α2 subunits with VIAAT, supports a role for np65 in the matching fidelity of postsynaptic proteins with their presynaptic counterparts.
These multiple forms of interactions of np65 probably reflect higher order complex formation common in trans-synaptic cell adhesion systems as it was shown for the related neural cell adhesion molecule (NCAM) that can undergo homophilic trans-interactions as well as cis-interactions (61) . In addition, heterophilic interactions of cell adhesion molecules with neurotransmitter receptors also seem common (20, (62) (63) (64) (65) . It is thus tempting to speculate that such supramolecular structures provided by trans-synaptic cell adhesion molecules function to generate a platform for concentrating neurotransmitter receptors and associated proteins. At such platforms, cell adhesion proteins can convey information from the cell exterior to intracellular signaling proteins (e.g. kinases or phosphatases) which in turn can then regulate receptor trafficking. This speculation is supported by previous findings that extracellular activation (in trans) of np65 induced p38 MAP kinase (45, 66) leading to AMPA receptor endocytosis. Thus, np and other cell adhesion molecules might trigger intracellular cascades regulating neurotransmitter receptor abundance at the cell surface and thus synaptic strength. Extending this line of arguments, Tyagarajan and Fritschy (67) , postulated that homeostasis depends on signalling cascades regulating in parallel the efficacy of glutamatergic and GABAergic transmission and changes in excitability at glutamatergic synapses have to be paralleled by corresponding changes at GABAergic synapses to avoid hyperexcitation (or silencing) of the network. Further experiments will have to investigate the possibility that np65 might be involved in a homeostatic regulation of GABA A receptor trafficking. Such a mechanism would be highly important because a perturbation of GABA A receptor homeostasis is found under pathological conditions including anxiety, epilepsy, schizophrenia, and insomnia (68) (69) (70) (71) . (26) . This is a typical experiment performed two times with comparable results. FIGURE 2. Co-precipitation of recombinant neuroplastin and GABA A receptors in HEK cells. HEK cells were transfected as indicated. Proteins were extracted, immunoprecipitated by np (np55/65) antibodies or GABA A receptor α1(1-9) antibodies, and subjected to SDS-PAGE and Western blot analysis using monoclonal mouse SMgp65 antibodies for the identification of np55 and np65 (first panel on the left) or digoxigenin-labeled β2 antibodies for detection of GABA A receptor β2 subunits. Precipitation by np55/65 antibodies revealed a co-precipitation of GABA A receptor β2 subunits (second panel from left) and, conversely, precipitation by α1(1-9) antibodies revealed a coprecipitation of np55 and np65 (third panel from left). In parallel, GABA A receptors expressed at the surface of appropriately transfected HEK cells were immunolabeled by incubation with α1(1-9) antibodies and extracted under conditions where the interaction with the antibody was not impaired (29) . The antibody-receptor complexes were then precipitated by adding immunoprecipitin, and subjected to SDS-PAGE and Western blot analysis using SMgp65 antibodies. Results indicated that np55 as well as np65 could be co-precipitated with GABA A receptors from the cell surface (right panel). Table 1 ). Pictures are taken from one representative experiment in which HEK cells were transfected with fluorescence tagged np65-ECFP and α1-EYFP as well as untagged β2 and γ2 subunits. Images are shown in pseudo-colors representing data obtained from epifluorescence microscopy using CFP, YFP and FRET channels. Three consecutive FRET analyses using three independent transfection experiments yielded comparable results. Scale bar, 20 µm.
FIGURE 4.
Co-localization of neuroplastin and GABA A receptors in dissociated hippocampal neurons in culture. A,B,C. Co-immunostaining in the absence of detergents was performed on dissociated hippocampal neurons in culture at DIV13 using polyclonal rabbit antibodies against np55 and np65 (green, top panel) and monoclonal mouse antibodies against GABA A receptor β2/3 subunits (red, second panel from top). Overlaid images from both channels are depicted in the third panel from the top (overlay). Clusters containing GABA A receptors and np55/65 are shown in a section of a dendrite (boxed region C1). Other dendrites contained mainly GABA A receptors and no np55/65 (boxed region C2). The boxed regions from the third panel (C, overlay) are enlarged and shown in the two panels on the right (C1,C2). Scale bars, 20 µm. D1-4. Co-immunostaining in the presence of detergents was performed as above, but including polyclonal guinea pig antibodies against VIAAT (blue, D3). Overlaid images from all three channels are depicted in the uttermost right panel (D4, overlay). The images selected represent a section of a dendrite with a high amount of co-localization between these three proteins and clearly indicate synaptically localized clusters of GABA A receptors and np. Scale bar, 3 µm. E. Modeling of individual GABAergic synapses. Triple immunostaining was performed on dissociated hippocampal neurons in culture at DIV13 using polyclonal rabbit antibodies against np (green), monoclonal mouse antibodies against GABA A receptor β2/3 subunits (red) and polyclonal guinea pig antibodies against VIAAT (blue). Data were subjected to 20 cycles of 3D deconvolution (AutoQuant) and image processing of cropped data displaying two individual synapses was performed using Imaris software. The big picture (left) displays fluorescence signals after deconvolution, while the small picture shows surface modeling of the two synapses using these fluorescence signals.
FIGURE 5.
Co-localization of a subset of neuroplastin clusters with gephyrin at GABAergic synapses in dissociated hippocampal neurons. Co-immunostaining was performed on dissociated hippocampal neurons in culture at DIV13 using polyclonal rabbit antibodies against np (green), monoclonal mouse antibodies against gephyrin (red) and polyclonal guinea pig antibodies against VIAAT (blue). A1-4. A section of a triple-stained dendrite is shown. The bold arrows ( ) in the overlay panel indicate clusters where np (A1), gephyrin (A2) and VIAAT (A3) are co-localized (A4, white). B1-4. Another section of a different neurite is shown in which the thin arrows ( ) in the overlay panel indicate clusters where np (B1) and VIAAT (B3) are co-localized (B4, cyan), but these clusters are devoid of gephyrin (B2). C1-4. Some GABAergic synapses are devoid of gephyrin in dissociated hippocampal neurons in culture. Co-immunostaining was performed on dissociated hippocampal neurons in culture at DIV14 using ATTO-488-coupled rabbit antibodies against GABA A receptor α1 subunits (C1, green), monoclonal mouse antibodies against gephyrin (C2, red), and polyclonal guinea pig antibodies against VIAAT (C3, blue). Bold arrows ( ) in the overlay panels indicate clusters containing GABA A receptor α1 subunits, gephyrin and VIAAT (C4, white), while thin arrows ( ) indicate clusters containing GABA A receptor α1 subunits and VIAAT (C4, cyan), that are devoid of gephyrin. Scale bar, 2 µm. FIGURE 6. Co-localization and synaptic modeling of neuroplastin and gephyrin at inhibitory synapses. Co-immunostaining was performed on dissociated hippocampal neurons in culture at DIV13 using polyclonal rabbit antibodies against np (green), monoclonal mouse antibodies against gephyrin (red) and polyclonal guinea pig antibodies against VIAAT (blue). Data were subjected to 20 cycles of 3D deconvolution (AutoQuant) and image processing of cropped data displaying individual synapses was performed using Imaris software. Panels (A,B,C,D) show the cell body of a neuron with several GABAergic synapses. Three panels (A,B,C) show surface modeling of the synapses by Imaris highlighting only two of the respective proteins investigated, while panel (D) displays fluorescence signals after deconvolution before image processing. An individual synapse was singled out for magnification as indicated by two lines as section markers. E. Magnification of the marked individual synapse showing fluorescence signals after deconvolution (left picture) and the small picture (insert at the right corner) shows surface modeling of the synapse using these fluorescence signals and confirming the localization of np at GABAergic synapses. Scale bar, 2 µm.
FIGURE 7.
Co-localization of neuroplastin and GABA A receptor subtypes in dissociated hippocampal neurons in culture. Co-immunostaining was performed on dissociated hippocampal neurons in culture at DIV13 using monoclonal mouse antibodies against VIAAT (red), polyclonal goat antibodies against np65 (blue), and polyclonal rabbit antibodies directed against individual GABA A receptor subunits (green) as indicated in the figure. A. Co-staining using antibodies against GABA A receptor subunit α1. B. Co-staining using antibodies against GABA A receptor subunit α2. C. Costaining using antibodies against GABA A receptor subunit α3. D. Co-staining using antibodies against GABA A receptor subunit α5. All images were taken by confocal microscopy and were subjected to 20 cycles of 3D deconvolution (AutoQuant), and image processing of cropped data displaying individual synapses was performed using Imaris software. Bold arrows ( ) generally indicate synaptic localization of receptor clusters, while thin arrows ( ) suggest extra-synaptic localization of clusters.
FIGURE 8.
Localization of neuroplastin at GABAergic synapses in hippocampal tissue sections. A,B,C. Immunohistochemical staining of free-floating hippocampal brain sections from the dendate gyrus of adult, male rats using rabbit antibodies that recognized np65 (B1, C1, green), monoclonal mouse antibodies against GABA A receptor β2/3 subunits (B2, C2, red) and polyclonal guinea pig antibodies against VIAAT (B3, C3, blue). All pictures were taken by confocal microscopy. The box in the left panel (A) indicates the section which is enlarged in the four middle panels (B1-4). The boxed area in one of the middle panels (B4, bottom) indicates the section which is further enlarged in the four panels to the right (C1-4). Clusters in which all three proteins, np65, GABA A receptor β2/3 subunits and VIAAT are co-localized are indicated by arrows (C4). Scale bars, 25 µm (A) or 5 µm (B4) as indicated. 
